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Introduction Obesity and reproductive functions
The relationship between obesity and reproductive functions has been known for many years (10, 11) and it is still being explored (12) . The negative effects of obesity on reproductive consequence are well known. However, it is difficult to describe the mechanism of how obesity affects the reproductive system because it is complex and multifactorial. Several mechanisms are involved in the relationship of fertility and obesity. The insulin resistance and leptin levels are increased and hyperandrogenemia occurs in obese women. Similarly, anovulation, changes in adipokine levels and the HPG axis, and steroidogenesis in obese women affects the reproductive system (13) (14) (15) . Because of reduced pregnancy rates, increased miscarriage rates, and increased pregnancy complications, live birth rates decrease in obese women in both natural and assisted conceptions. Obesity may impair reproductive functions by affecting both the ovaries and endometrium (15) . The HPG axis deteriorates because of changes in hormonal and some substrate levels. The levels of luteinizing hormone (LH), androstenedione, estrone, insulin, triglycerides, and very low density lipoprotein are increased and high density lipoprotein levels are decreased in obese women. Because of these changes, the HPG axis deteriorates and different gynecological effects occur (2) .
Adipose tissue and adipokines
White adipose tissue is a multifunctional organ and it stores energy. It is also an important endocrine organ that regulates energy homeostasis and metabolism by secreting adipokines. These adipokines have important roles in the regulation of a number of physiological processes such as reproduction, immune response, and glucose and lipid metabolism. Adipokines are cytokines predominantly secreted by adipocytes. Some of these adipokines are leptin, adiponectin, resistin, visfatin, omentin, and ghrelin. Adipokines are signaling molecules (hormones), and abnormalities in adipokines can cause inflammation and abnormal cell signaling and thus can lead to deterioration in cell metabolism and function (12) . It is well established that an excess or deficiency of white adipose tissue results in sexual maturation disorders, pubertal disorders, and fertility disorders (16) . It is well known that stored energy is necessary for the normal function of the reproductive system, including pubertal development, production of reproductive hormones and gametes, and maintenance of pregnancy and lactation. Although adipose tissue is necessary for reproductive function and normal development, the excessive adipose tissue causes some reproductive disturbances. Excess adipose tissue in women aggravates polycsytic ovarian syndrome (PCOS), and anovulation and may cause hypothalamic hypogonadism (17) . In PCOS patients, it has been shown that adipokines such as tumor necrosis factor-alfa (TNF-α) is increased and some "beneficial adipokines" such as adiponectin is decreased because of dysfunction in the adipose tissue. Abnormal levels of adipokines have been shown to be associated with insulin resistance and type 2 diabetes mellitus (18) . The studies demonstrated that as the BMI increases, leptin levels increase both in blood and follicular fluid (19, 20) . Thus, obesity is associated with high leptin levels in serum and follicular fluid. Leptin has a stimulatory effect on the HPG axis by providing a signal to initiate the reproductive maturation of the hypothalamus. In a mouse model, after increasing the dietary fat intake in both male and female DBA/2J strain mice, insulin resistance and glucose intolerance developed; however, only the female rats had a dietary-induced obesity and hyperleptinemia, thereby causing a 60% decrease in the spontaneous pregnancy rate (21) . Normal ovulatory response and pregnancy rates in these rats after exogenous gonadotropin stimulation indicate a central effect related to increased leptin levels. Leptin inhibits insulin-induced ovarian steroidogenesis by acting on the theca and granulosa cell receptors. Leptin also inhibits LH-stimulated estradiol production by the granulosa cells. The other effect of leptin on reproductive functions is the regulation of early embryo cleavage and development. This may explain the poor reproductive outcomes in obese women (22) . Adiponectin is the most common circulating protein synthesized by adipose tissue. In obese women, unlike the other adipose tissue hormones, adiponectin levels decrease (19, 20) and increase with weight loss. Adiponectin stimulates glucose uptake in the liver and muscle and decreases hepatic gluconeogenesis. As a result, insulin sensitivity is impaired. Adiponectin also affects lipid synthesis, energy homeostasis, vasodilatation, and atherogenic activity (23, 24) . Thus, adiponectin decreases triglyceride accumulation and improves insulin sensitivity. In the absence of adiponectin in obese women, plasma insulin levels increase. Consequently, high levels of insulin lead to hyperandrogenemia. The mechanism of other adipokines on reproductive functions such as resistin and ghrelin has not been fully understood. Resistin is a protein secreted by the adipose tissue. Steppan et al. (25) showed that after a 48 h fasting period in mice, resistin levels decreased and increased after re-feeding. They studied serum resistin levels in mice that caused obesity and insulin resistance on a high-fat diet. In obese mice, resistin caused insulin resistance and resistin antibody injection increased insulin sensitivity. As a result of increased resistin levels in obesity, insulin resistance occurs and this leads to decreased insulin sensitivity. Another adipokine, visfatin, is secreted from several cell types and tissues, including adipose tissue and adipocytes, bone marrow, lymphocytes, muscle, liver, trophoblast, and fetal membranes (26). The association between visfatin and obesity and insulin action is not fully understood. It has been reported that visfatin shows insulin-mimetic effects, increases glucose uptake in adipocytes and muscle cells, and decreases glucose release from hepatocytes (26). Chemerin is another adipokine that affects the adipocyte and glucose metabolism. It has been shown that chemerin levels increase during the metabolic syndrome; therefore, it is associated with obesity, metabolic syndrome, and type 2 diabetes mellitus (27) . Chemerin also can impair follicle stimulating hormone (FSH)-induced follicular steroidogenesis and thus can play a role in the pathogenesis of PCOS (28) . Adipose tissue also affects follicular development by the inhibition of gonadotropin secretion through the conversion of andro-gens to estrogens in the adipose tissue. Therefore, almost all of the adipokines seem to have their effects on reproduction by causing insulin resistance (Table 1) .
Obesity, hyperandrogenemia, and PCOS
Obesity may not be the only factor that causes hyperandogenemia and anovulation because some obese women are fertile and do not have hyperandrogenism. Hyperinsulinemia and insulin resistance are the underlying causes that lead to obesity, accompanied by hyperandrogenemia, and alterations in steroidogenesis. It has been experimentally shown that insulin has various effects on steroidogenesis. It stimulates ovarian estrogen, androgen, and progesterone production in vitro. Some of these effects occur at physiological concentrations but sometimes may reach higher concentrations. Insulin stimulates androgen production in the theca cells (29, 30) . Another mechanism leading to hyperandrogenemia is hyperinsulinemia via insulin-like growth factor-1 (IGF-1). IGF-1 is secreted by human ovarian tissue, and its receptors are located in the ovary. Insulin can bind IGF-1 receptors as well as its own receptor. Insulin also decreases the production of the IGFBP-1 in liver and makes IGF-1 more effective. Androgen production increases from theca interstitial and stromal cells by the action of IGF-1 (31). Insulin decreases SHBG production from the liver; as a result, serum androgen levels increase in obese women (32) . PCOS is also a metabolic disorder characterized by hyperandrogenemia. Formerly, PCOS was known only to be in a hyperandrogenic state, which can lead to infertility. However, current data shows that PCOS is related to an increased risk of metabolic disorders such as insulin resistance (IR), hyperinsulinism (HI), impaired glucose intolerance, and obesity (33) . In women with PCOS, weight loss decreases the androgen levels and improves insulin resistance (34) . Hyperinsulinaemia and hyperandrogenaemia changes the ovarian function in both obese and non-obese women. However, the mechanism of how hyperandrogenemia and/or hyperinsulinemia cause anovulation has not been fully understood.
Anovulation and menstrual disturbances
The mechanism of anovulation in obesity remains unclear. Insulin resistance and hyperandrogenemia significantly increased in obese women, particularly who have central obesity. Hyperandrogenemia due to hyperinsulenemia leads to granulosa cell apoptosis, and this may have an effect on ovarian functions. It is demonstrated that estrogen production in granulosa cells is stimulated by insulin (35) . The effect of FSH on estradiol and progesterone production increases by insulin. This is demonstrated in women with PCOS and insulin resistance. Thus, the estrogen level increases in the developing follicle. FSH enhances the excessive androgen substrate, leading to relatively improper estrogen levels in the developing follicle. Insulin also enhances steroidogenesis by augmenting the effect of LH on granulosa cells. LH stimulates steroidogenesis and inhibits further mitosis and final differentiation of granulosa cells in the preovulatory follicle (36) . The effect of LH on granulosa cells is amplified in PCOS patients by the presence of hyperinsulinemia. As a result of the enhanced steroidogenesis due to insulin and its interaction with LH, the unfavorable milieu causes cessation of the follicle growth. Thus, premature luteinization and follicular arrest develops and leads to menstrual cycle disorders and obesity-induced oligo-anovulation (37) . The increased estrogen due to peripheral convesion disturbs the HPG axis. In conclusion, both the excess estrogen and excess androgens play a role in the anovulation encountered in these patients.
Obesity and miscarriage
The association between obesity and miscarriage has been reported in a number of studies, both in the general population (38) as well as in women undergoing assisted reproductive techniques (ART) (39, 40) . A remarkable number of these studies show an increase in the prevalence of miscarriage in case of obesity (38, (41) (42) (43) ; however, there are studies that found no association between these two issues (40, 44) . The link between obesity and miscarriage has been reported in both natural and assisted conceptions. Bellver et al. (43) found a rise in the incidence of spontaneous miscarriage with increasing BMI in patients who had been treated by various ART, including embryo transfer using donor oocytes. The risk of miscarriage was found to be 38.1% in obese women, whereas this rate was 13.3% in patients with a normal BMI. In another study, the data Although several studies have shown the association between obesity and higher miscarriage rates, there is no consensus about the mechanism that causes this in obese women. It is possible that obesity may affect the embryo or the endometrium or both (45) . One of the proposed mechanisms is the endometrial damage induced by obesity that affects the implantation process more than fertilization and early pregnancy development. In fact, embryo chromosomopathy, the most frequent cause of first trimester miscarriage, does not seem to be increased in women with excess weight (46) . Some endocrine disorders such as PCOS, hypothyroidism, and insulin resistance are more common in overweight women and it is known that the rates of miscarriage are increased in these disorders. Although PCOS is closely associated with obesity, it appears that obesity may also cause miscarriages alone. In a study, Landres et al. (47) found increased euploid miscarriages in obese women regardless of the listed disorders.
In conclusion, alterations in endocrine milieu, embryo quality, or uterine receptivity may contribute to the increased miscarriages (48).
Obesity and infertility
Infertility is the lack of pregnancy despite regular unprotected sexual intercourse after a year or therapeutic donor insemination in women less than 35 years of age and after 6 months in women 35 years and older (49) . It is one of the most frequent disorders of the reproductive system in developing countries. Although many obese multiparous women are able to get pregnant despite their obesity, there is an increased prevalence of infertility in obese women. Vahrati and Smith have found that a larger portion of women who are seeking medical help to get pregnant are obese (50) . The studies demonstrated that the duration required to achieve a spontaneous pregnancy rate is increased and pregnancy rates are decreased in obese women, including regular ovulatory obese women (51, 52) . In several studies, it is found that the risk of infertility is threefold higher in obese women than in non-obese women (53) and their fertility seems to be impaired in both natural and assisted conception cycles (54, 55) . It has been shown that the probability of pregnancy is reduced by 5% per unit of BMI exceeding 29 kg/m 2 (56) . The association between obesity and lower fertility rate has been shown in several studies, and it has been shown that obesity in early adulthood alters the reproductive functions. The risk of menstrual problems and infertility increased in these women (57) . Obesity causes infertility through various pathways, including impaired ovarian follicular development, qualitative and quantitative development of the oocyte, fertilization, embryo development, and implantation (58) . The interaction between obesity and fecundity is not fully understood. It seems that the exact cause of infertility is long standing anovulation due to hyperandrogenism. Grodstein et al. (59) revealed that anovulatory infertility was higher in overweight and obese patients whose BMI was found to be greater than 26.9 kg/m 2 . Obesity affects the HPG axis by increased free estrogen levels due to increased conversion of androgens to estrogens in adipose tissue. Increased estrogen causes a decrease in GnRH by negative feedback. Thus, the affected HPG axis causes irregular or anovulatory cycles. Overweight and obese women have a higher incidence of menstrual dysfunction and anovulation. Rogers and Mitchell (10) found that menstrual disturbances were fourfold more common in obese women. Hartz et al. (11) found this incidence to be 3.1 times higher in obese women. Several studies have shown the association between anovulatory infertility and obesity (60-63). As mentioned above, anovulation is also a result of the effects of hyperinsulinemia, insulin resistance, and hyperandrogenism on steroidogenesis and the ovary. Another situation associated with anovulation and obesity is PCOS. Up to 35%-60% of patients with PCOS are obese, and menstrual disturbances, anovulation, and infertility are more common in these obese PCOS patients than in non-obese PCOS patients (64) . Hyperinsulinemia and insulin resistance have been detected in a large number of patients with PCOS with or without of obesity. However, in some studies, a reduced fecundity was reported in overweight and obese women with regular menses (65) . These findings suggest that either anovulation continues despite the regular menses, or a combination of possible adverse effects of increased androgens on the endometrium and developing oocytes and adverse effects of increased levels of circulating leptin on the granulosa and theca cells give rise to infertility. As a conclusion, the negative effect of obesity on infertility, particularly in the presence of anovulation, is clearly shown in several studies.
Obesity and assisted conception
Because of the obesity epidemic worldwide and its association with infertility, a large number of overweight and obese women are treated using ART. However, poor reproductive outcomes are encountered in ART, such as natural conception, and this is particularly related with central adiposity and PCOS. Rittenberg et al. (65) found that women who are overweight or obese have a poorer outcome following in vitro fertilization (IVF) treatment than women within normal weight ranges. Metwally et al. (66) demonstrated that there is an association between obesity and poor embryo quality in women below 35 years of age, and young obese women have a less chance of cryopreserved embryos and need a higher dose of gonadotropins. However, Bellver et al. (67) reported an impaired IVF outcome without a poor embryo quality in obese women. They also similarly found that obese women who are undergoing ovarian stimulation in ART programmes require higher doses and a longer period of gonadotropin treatment (65) . Obese infertile women who undergo ART face some difficulties during the treatment. Several studies have shown that the ovarian response to controlled ovarian stimulation in obese women undergoing IVF is low. The other adverse outcomes of ovarian stimulation in obese women are reduced oocyte retrieval, poor quality of oocyte and embryo, decreased intrafollicular human chorionic gonadotrophins concentration, decreased peak estradiol levels, decreased number of mature oocytes, decreased incidence of embryo transfer, and decreased number of transferred embryos (68) . The endometrium may also be affected by obesity. Bellver et al. (15) also investigated the potential role of the endometrium for the development of infertility in obesity in ovum donation cycles. Oocytes from healthy, young, non-obese donors are given to recipients with different BMIs. They found that the pregnancy rates per cycle initiated was significantly lower in obese women than in normal weight women (15) . Recent meta-analysis have investigated the effects of obesity on the chance of obtaining a pregnancy or a live birth following ART treatment (65, 69, 70) . Rittenberg et al. (65) analyzed 33 reports consisting of 47.967 treatment cycles, and they found that women who were overweight or obese had significantly decreased clinical pregnancy and live birth rates and significantly higher miscarriage rates than women with a normal BMI. Maheshwari et al. (69) analyzed 37 studies, and they found decreased pregnancy and increased miscarriage rates, similar to that by Rittenberg (65) , and they found that high doses of gonadotrophins is required in IVF cycles in overweight and obese women. However, why obese women required higher doses of gonadotropin remain unclear. Koning et al. (70) analyzed 27 studies. They found an odds ratio (OR) of 0.90 for the association between overweight and live birth, thus showing a 10% reduction in the success rates of IVF in overweight women. The effect of obesity on medication requirements has been reported in several studies. Souter et al. (71) found that BMI was negatively associated with the estradiol level produced per preovulatory follicle, resulting in lower estradiol levels with increasing BMI. Some of these studies demonstrated that obesity is related with elevated gonadotropin requirements, lack of follicular development, and reduction in the number of oocytes (72) (73) (74) (75) . Gonadotropin resistance may be induced by leptin because it is known that the increased concentration of leptin in serum and follicular fluid of obese women decreases estradiol secretion from granulosa cells and may regulate human ovarian steroidogenesis. In high concentrations, leptin acts as an inhibitory gonadotropin (76) . The need to increase gonadotropin concentrations is also associated with differences in the absorption, distribution, and clearance rate of the administered gonadotropins by the excessive adipose tissue (71). Akpınar et al. (77) reported an increase in the total gonadotropin consumption and a decrease in the number of retrieved oocytes with an increased body mass index. However, they found an implantation and clinical pregnancy rate in obese and overweight women, similar to normal weight women following intracytoplasmic sperm injection. In conclusion, recent studies and meta-analyses have shown that the obesity has adverse effects on assisted reproductive technology, including ovulation induction and IVF/ICSI treatments. Obesity reduces the pregnancy rates, live birth rates, and increases the miscarriage rates in treatment cycles.
Obesity and treatment in infertility
It is difficult to treat anovulatory infertility in obese women because, as mentioned above, the obese women have a lower chance of conception following ART as they require a higher dosage of gonadotropin, respond poorly to ovarian stimulation, and have a higher risk of miscarriage. Weight loss among overweight and obese women has been shown to improve reproductive outcomes, including fertility. Clark et al. (63) found that even a small weight loss in anovulatory obese infertile women resulted in improvements in ovulation, pregnancy rate, and pregnancy outcome.
Weight loss should be primarily offered to the anovulatory overweight and obese women. However, the effect of weight loss in overweight and obese women with regular menstrual cycles is still unclear. It is important to determine which patients will benefit from weight loss and the interval between the weight loss and the initiation of an ART programme. However, if weight loss will continue for a long time, the patient can enter into a catabolic phase of fertility because advanced age is one of the most deteriorating factors in infertility. Furthermore, most overweight and obese women have a partner that is also overweight or obese, and overweight men also have been shown to be a risk factor for a prolonged time to achieve pregnancy (78) . It is shown in a study that weight loss of these men significantly increased total sperm count and percentage of sperm with normal morphology (79).
Conclusion
Overweight and obese patients should be informed about the importance of pre-pregnancy weight reduction and should be encouraged to lose weight before the treatment to reduce the poor obstetrical outcomes due to obesity. Although weight loss is the gold standard of treatment in women with a high BMI, ART treatment should not be delayed too much because of increasing age. Many fertility centers have a protocol to initiate ART treatment; however, there are no evidence-based guidelines regarding fertility treatment in overweight and obese infertile women. The association between high BMI and adverse fertility outcome is known clearly. There are several proposed mechanisms to explain how obesity may lead to infertility; however, the exact pathophysiology is not clearly understood.
